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Canopy-level stomatal conductance over a warm-temperate mixed deciduous and evergreen broadleaf
forest in Japan was estimated by the PenmaneMonteith approach, as compensated by a semi-empirical
photosynthesis-dependent stomatal model, where photosynthesis, relative humidity, and CO2 concen-
tration were assumed to regulate stomatal conductance. This approach, using eddy covariance data and
routine meteorological observations at a ﬂux tower site, permits the continuous estimation of canopy-
level O3 uptake, even when the PenmaneMonteith approach is unavailable (i.e. in case of direct evap-
oration from soil or wet leaves). Distortion was observed between the AOT40 exposure index and O3
uptake through stomata, as AOT40 peaked in April, but with O3 uptake occurring in July. Thus, leaf pre-
maturation in the predominant deciduous broadleaf tree species (Quercus serrata) might suppress O3
uptake in springtime, even when the highest O3 concentrations were observed.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Tropospheric ozone (O3) levels have increased globally since
pre-industrial times (IPCC, 2001, 2007; Stockwell et al., 1997), and
are predicted to remain high or even rise further, depending on the
geographical region (Ashmore, 2005; Dentener et al., 2006; Fowler
et al., 1999, 2008; Vingarzan, 2004). One of the most drastic in-
creases in O3 concentrations is predicted for East Asia (Karnosky
et al., 2005). In Japan, located on the edge of East Asia, a contin-
uous increase in the tropospheric O3 concentration has also been
observed from the latter half of the 1980s (Ohara et al., 2008; Uno
et al., 2007) when signiﬁcantly higher O3 concentrations were
observed in springtime, partly due to pollutants advected from
foreign sources mainly in China (Nagashima et al., 2010; Tanimoto,
2009; Yamaji et al., 2008). Such enhancement has the potential to
limit the C sink strength of forest ecosystems (IPCC, 2007; Pretzsch
et al., 2010; Sitch et al., 2007;Wittig et al., 2009) due to reduced net
photosynthesis, accelerated leaf senescence, and increased dark: þ81 29 874 3720.
All rights reserved.respiration (for a review, see Matyssek et al., 2010; Matyssek and
Sandermann, 2003). Therefore, the risk of O3 facing the forest
ecosystems of East Asia including Japan is an urgent issue to be
assessed.
O3 ﬂux-based risk assessment has been recognized as being
essential in evaluating the physiological effects of O3 on trees since
the prediction of yield and biomass response to O3 was improved
by characterizing O3 using ﬂux-based rather than exposure-based
metrics (Emberson et al., 2000; Karlsson et al., 2007; Matyssek
et al., 2008; Zapletal et al., 2011; Ainsworth et al., 2012). As O3
ﬂux (i.e. O3 uptake through stomata) is principally determined by
stomatal conductance and the surrounding O3 concentration (e.g.
Gerosa et al., 2003), a high O3 concentration does not necessarily
result in high O3 ﬂux under stomatal closure. For example, though
the peak O3 concentration is observed in summer in the Mediter-
ranean region, stomatal closure accompanied by yearly summer
droughts alleviates O3 uptake into plants (Cieslik, 2004; Gerosa
et al., 2005). However, there have been few studies on O3 ﬂuxes
for the warm-temperate forests in East Asia.
The Forestry and Forest Research Institute (FFPRI) has moni-
tored CO2, energy, and water vapor ﬂuxes over a warm-temperate
Fig. 1. Seasonal change in daily average air temperature (line plot in the top panel),
daily accumulated precipitation (bar plot in the top panel) at the Yamashiro tower site,
daytime O3 concentration (6:00 to 18:00, middle panel), as monitored at a routine air
pollution monitoring station 5 km from the tower site (Tanabe station, 34N49.40 ,
135E46.20 , Kyoto prefecture), and surface area index (closed circle, mean  SD, n ¼ 5)
and regression line at the Yamashiro tower site (bottom panel).
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decade, starting in 2000. The mixed forest is dominated by a de-
ciduous broadleaf species (Quercus serrata Thunb. ex Murray) and
an evergreen broadleaf species (Ilex pedunculosa Miq.) (Kominami
et al., 2008, 2012), both of which are widely distributed in East
Asia. Since CO2 and water ﬂuxes were measured, we estimated O3
ﬂuxes in the same site to calculate the relationships between O3
dose and CO2 uptake.
Forest canopy-level stomatal conductance, which is needed to
estimate O3 ﬂuxes, is generally derived using the Penman-Monteith
equation based on energy and water ﬂuxes (Cieslik, 2004; Gerosa
et al., 2005; Monteith, 1981). However, the use of this approach is
only valid when the entire evaporation process takes place through
stomatal transpiration (i.e. no direct evaporation from soil or wet
leaves). For this reason, it is difﬁcult to apply this approach year-
round to estimate stomatal conductance over a warm-temperate
mixed forest since direct evaporation from soil occurs during the
period of defoliation in Q. serrata (Daikoku et al., 2008), and it has
regular precipitation (around 100 days with precipitation
exceeding 1 mm) in contrast to the evergreen forests of the Med-
iterranean region in summertime (Cieslik, 2004; Gerosa et al.,
2005).
To predict stomatal conductance over the mixed forest
continuously, we proposed an additional application of the
photosynthesis-dependent stomatal model (i.e. Ball-Woodrow-
Berry model), originally proposed by Ball et al., (1987). Recently,
the Ball-Woodrow-Berry model was modiﬁed for forest canopies
by taking into account the non-linear responses of stomatal
conductance to relative humidity (Fares et al., 2013; Wang et al.,
2009). Given that a general relationship in the canopy-level sto-
matal model could be derived for the mixed broadleaf forest, it
would be possible to estimate stomatal conductance continuously
from canopy-level photosynthesis and meteorological observa-
tions, even in case of direct evaporation from soil and wet leaves.
The aim of the present study is to estimate O3 ﬂuxes through
stomata in a warm-temperate mixed forest in Japan. Accordingly,
we compensated for the ﬂux-based estimation of stomatal
conductance (Cieslik, 2004; Gerosa et al., 2005; Monteith, 1981) by
combining a photosynthesis-dependent stomatal model (Ball-
Woodrow-Berry model, Ball et al., 1987; Fares et al., 2013; Op de
Beek et al., 2010; Wang et al., 2009) at a CO2 ﬂux monitoring site
for a warm-temperate mixed deciduous and evergreen broadleaf
forest.
2. Materials and methods
2.1. Study site
Observations were conducted in the Yamashiro Experimental Forest, located in a
mountainous region of western Japan (34470N, 135500E, details of which are
described by Kominami et al., 2012). The study site was a 1.7-ha catchment with
complex terrain. The fetch was about 3 km to the south and east, and more than
5 km to the north and west. The average canopy height was 12.0 m in 2004, and the
tree biomass [diameter at breast height (DBH)  3 cm] was estimated at
51 Mg C ha1 in 1999, dominated by Quercus serrata Thunb. exMurray classiﬁed as a
deciduous broadleaf tree species (66% of biomass) and Ilex pedunculosa Miq. (an
evergreen broadleaf tree species; 28% of biomass) (Goto et al., 2003). Regosols of
sandy loam or loamy sand comprised the soil, which contained ﬁne granite gravel
(53% by weight) (Kaneko et al., 2007). The annual mean temperature was 15.5 C
from 1994 to 2009, and the hourly maximum and minimum temperatures in 2002
were recorded in August (34.8 C) and January (3.9 C), respectively. Annual mean
precipitation of 1388 mm was measured from 1994 to 2009. The rainy season
extended from late June to early July, with typhoons occurring in both summer and
autumn.
2.2. Flux and O3 measurements over the forest
Two meteorological towers were constructed at an elevation of about 220 m
a.s.l. in the forest, allowing ﬂuxes of CO2, energy, and water vapor between the forestecosystem and atmosphere to be measured (Kominami et al., 2003). Both towers
were equippedwith a system formeasuring eddy covariance (EC) that used a closed-
path CO2 analyzer to measure the CO2 ﬂux above the forest and examine the effects
of complex topography on the measurements. The ﬁrst tower (35-m tall) was
established in the valley and the other (26.5-m tall) on a ridge. In this study, we used
the ridge tower data. The EC sensors were mounted on top of the tower. The EC
measurements were taken with a three-dimensional ultrasonic anemometer (DAT-
600-3 TV, Kaijo, Tokyo, Japan) and a closed-path CO2 infrared gas analyzer (IRGA; LI-
6262, Li-Cor, Lincoln, NE, USA). The sampling frequency was 10 Hz. To estimate the
seasonal O3 dose thorough stomata in the warm-temperate mixed forest, we used
the data set measured in 2004 at the ﬂux site (as relatively contiguous data were
available that year). An ozone monitor (Model-205, 2B Technologies, Boulder, USA)
with 0.5 Hz frequency was used to monitor atmospheric O3 concentration above the
canopy from October 2011. As we found that the hourly average O3 concentrations
over the forest during the daytime were comparable to those observed at a routine
air pollution monitoring station (Tanabe station, Kyoto prefecture, 3449.40N,
13546.20E, 5 km from the ﬂux site) (Komatsu unpublished data), we used the
daytime O3 concentrations at Tanabe station in 2004 as the surrounding O3 con-
centrations at the ﬂux site, where higher O3 concentrations were observed in
springtime (Fig. 1).
2.3. Methodology
The approach used to estimate stomatal O3 ﬂuxes involves several steps ac-
cording to Cieslik (2004) and Gerosa et al. (2003), and utilizes the resistance analogy
(Chamberlain and Chadwick, 1953). The aerodynamic resistance (Ra) is calculated
from such measured micrometeorological parameters as friction velocity and sen-
sible heat ﬂux by using the Monin-Obukhov theory (see Gerosa et al., 2003; for
calculation details), while the quasi-laminar layer resistance (Rb) is calculated by
using the parameterization proposed by Hicks et al. (1987). As the total O3 ﬂux (F)
was not measured directly by eddy-correlation in the present study (cf. Gerosa et al.,
2003), we calculated the surface resistance (Rc) from the stomatal resistance (RST)
and non-stomatal resistance for O3 (RNS) as:
Fig. 2. Seasonal change in the light-response curves of GPP over a warm-temperate
mixed forest. The data were rejected when u* was below 0.25 m s1, but were
included in case of precipitation. Open symbols denote GPP in the dry canopy; closed
symbols denote GPP in the wet canopy, which had precipitation >0 mm within 24 h,
respectively. Solid lines are regression lines for the dry canopy; dashed lines are
regression lines for the wet canopy.
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RNS ¼ 1=

SAI=rext þ 1=

Rinc þ Rgs

(2)
where SAI is a surface area index (m2 m2) including leaf, branch and stem area, rext
denotes the external leaf-resistance, Rinc the in-canopy resistance, and Rgs the
ground surface resistance. SAI was measured using a LAI 2000 instrument (Li-Cor,
Nebraska, USA). The external leaf-resistance (rext) is set to 2500 s m1, the in-canopy
resistance (Rinc) is deﬁned as b SAI h/u*, where h is the canopy height, u* the friction
velocity and b an empirical constant taken as 14 m1, and the ground surface
resistance is set to 200 s m1 (Erisman et al., 1994; Simpson et al., 2012).
The stomatal ﬂux (FST) is obtained as:
FST ¼ Cm$Rc=½ðRa þ Rb þ RcÞRST (3)
where Cm denotes the ozone concentration at the measurement height. The sto-
matal resistance (RST) is calculated by multiplying the stomatal resistance for water
vapor ﬂux (noted Rs) by 1.65 (Gerosa et al., 2003). Rs is calculated from the water
vapor ﬂux (lE) by using the PenmaneMonteith equation (Monteith, 1981). The
measured canopy-level stomatal conductance (Gs) is expressed as 1/Rs.
2.4. Photosynthesis-dependent stomatal model
The use of the PenmaneMonteith is only valid when the entire evaporation
process takes place through stomatal evapo-transpiration, and with no direct
evaporation from the soil and wet leaves. This condition is practically satisﬁed when
a closed canopy covers the soil, which is the case for a fully developed crop ﬁeld
(Biftu and Gan, 2000). In this context, it might be difﬁcult to estimate Rs over the
warm-temperate mixed forest by using the PenmaneMonteith approach alone, due
to partial defoliation during winter and regular year-round precipitation (Fig. 1).
Here, we therefore applied a semi-empirical photosynthesis-dependent model e
the Ball-Woodrow-Berry model (Ball et al., 1987) e to estimate the canopy-level
stomatal conductance (GsB) as:
GsB ¼ Gmin þ a GPP rh=Cs (4)
where Gmin denotes the minimum conductance in the dark, a is an empirical scaling
parameter, GPP the gross primary production (¼ net ecosystem exchange (NEE) e
respiration of ecosystem (Reco)), rh the relative humidity, and Cs the leaf surface CO2
concentration. Reco was calculated using the respiration measurements made at
night and extrapolated to the daytime by the temperature-dependent Reco model as:
Reco ¼ NEE ðnighttimeÞ ¼ a exp ðb TsoilÞ (5)
where Tsoil denotes the soil temperature at a 5-cm depth (Kominami et al., 2008). Op
de Beek et al. (2010) reported that the models applying Cs slightly outperformed
those applying Ci (intercellular CO2 concentration), and that the models based on
environmental humidity variables performed distinctly better than the model
applying a calculated leaf water potential, as based on comparing several
photosynthesis-dependent models. Accordingly, we used rh and Cs in the model.
Note that rh and Cs in ambient air measured at a height of 25.7 m on the tower could
be approximated to those at the leaf surface, which is demonstrated to be tenable
especially during the daytime when vertical mixing occurs and the canopy is
coupled with the atmosphere (Wang et al., 2009).
We also applied the modiﬁed Ball-Woodrow-Berry model proposed by (Fares
et al., 2013) to estimate canopy-level stomatal conductance (GsB2) as:
GsB2 ¼ a brhGPP=Cs þ Gmin; (6)
where the non-linear response of canopy stomatal conductance to relative humidity
was taken into account (Fares et al., 2013;Wang et al., 2009). We have regressed this
model and determined the coefﬁcients a, b and Gmin by using a generalized linear
model (GLM) (R version 2.13.1, R Development Core Team, 2010) with ﬁeld data.
Akaike’s information criterion (AIC) was used to select the better ﬁtting model be-
tween the original (Ball et al., 1987) and modiﬁed Ball-Woodrow-Berry models
(Fares et al., 2013).
In the models, the data were rejected when the following conditions were
observed:
friction velocity ðu  Þ < 0:25 m s1; and precipitation > 0 within the previous 24 h;
thus avoiding the effects of evaporation from a wet canopy. Although we derived
photosynthesis-dependent stomatal models under adequate mixing of the air with
u* above 0.25, the data with u* below 0.25 were included for recalculating stomatal
conductance, and also for calculating Ra to estimate stomatal O3 ﬂux. Although no
leaf wetness sensors were set up, the rejection of the data below u* ¼ 0.25 might
exclude most of the early-morning data (by 66%, 6:00e8:00 from March to
December) when dew episodes were supposed to occur.2.5. Determination of time-integrated doses
The monthly time-integrated ozone dose (D) in the forest ecosystem was
calculated by summing up the ozone stomatal ﬂux (FST) during the daytime
(PPFD > 0) for each month as:
D ¼
X
FSTDt; (7)
where the mean daily sum of FST for the rest days of each month was substituted for
days when FST data was unavailable.
3. Results and discussion
In 2004, the onset of leaf ﬂushing of Q. serrata was observed at
the beginning of April, and leaf shedding started in early November.
In springtime, it took about one month for leaves to fully expand
after ﬂushing (i.e. the canopy of the forest closed around the
beginning of May) (Fig. 1). Fig. 2 shows the relation between gross
primary production (GPP) and photosynthetic photon ﬂux density
Table 1
Ecosystem quantum yield (a) and maximum GPP under saturating light (GPPmax)
derived monthly from GPP-PPFD responses in the dry and wet canopies of a warm-
temperate mixed forest.
Month a GPPmax (mmol m2 s1)
Dry Wet Dry Wet
March 0.017 0.016 4.8 4.2
April 0.017 0.034 8.0 5.6
May 0.028 0.028 14.2 15.3
June 0.034 0.036 24.4 25.6
July 0.055 0.044 23.8 27.7
August 0.054 0.049 20.1 23.2
September 0.048 0.044 21.6 23.4
October 0.039 0.038 19.6 21.1
November 0.020 0.039 19.5 10.8
December 0.029 0.024 5.6 6.3
Mean (SD) 0.034 (0.014) 0.035 (0.010) 16.2 (7.1) 16.3 (8.6)
SD: standard deviation.
Fig. 3. Seasonal change in the relation between canopy-level stomatal conductance
derived from the PenmaneMonteith approach and GPP*rh/Cs in the Ball-Woodrow-
Berry model.
Fig. 4. Relation between canopy-level stomatal conductance derived from the
PenmaneMonteith approach and GPP*rh/Cs in the Ball-Woodrow-Berry model for
pooled data from June to September when the canopy was closed.
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rejected when u* was below 0.25 m s1, but with the data included
in case of precipitation. We regressed the relation between GPP and
PPFD as follows:
GPP ¼ aGPPmaxPPFD=ðGPPmax þ aPPFDÞ (8)
where a denotes the ecosystem quantum yield and GPPmax the
maximum GPP under saturating light. We derived a and GPPmax for
dry andwet canopies, respectively, in eachmonth (Fig. 2, Table 1). A
paired-t-test showed no signiﬁcant differences in a (p ¼ 0.76) and
GPPmax (p ¼ 0.90) between dry and wet canopies, suggesting that
the blocking of stomata by ﬁlms of water was negligible in the
warm-temperate mixed forest with hypostomatous leaves of
Q. serrata and I. pedunculosa (Grantz et al., 1995; cf. Zhang et al.,
2003). After the canopy closure, GPP further increased toward
July (Fig. 2, Table 1). Physiological leaf traits are known to be
determined by prevailing light conditions during leaf maturation
after full expansion (Björkman, 1981; Kitao et al., 2009, 2012;
Niinemets et al., 1998, 2004; Pearcy and Sims, 1994), meaning
that it took another month for the leaves of Q. serrata to reach
maximum photosynthetic capacity after the canopy closure.
Fig. 3 shows the relation between the measured canopy-level
stomatal conductance, as estimated by the PenmaneMonteith
approach, and the variable (GPP*rh/Cs) of the Ball-Woodrow-Berry
model that consists of photosynthesis, relative humidity, and CO2
concentration (Ball et al., 1987; Op de Beek et al., 2010). The relation
was relatively stable in the closed canopy from June to September
(cf. SAI in Fig. 1), where the slopes ranged from 0.40 to 0.49, and the
intercepts from 0.0013 to 0.0036, respectively. Conversely, higher
slopes were observed during the defoliation period of Q. serrata (i.e.
before leaf ﬂushing in April and after shedding in November). This
suggests that Gs would be overestimated due to direct evaporation
from the soil when the canopy was not fully closed (Biftu and Gan,
2000; Daikoku et al., 2008). We tried to derive a photosynthesis-
dependent stomatal model from the pooled data when stable re-
lations were observed in the closed canopy (June to September).
The original Ball-Woodrow-Berry model derived from the
pooled data (June to September) was as follows: (Fig. 4).
GsB ¼ 0:0025þ 0:42 GPP rh=Cs (9)
The modiﬁed Ball-Woodrow-Berry model proposed by Fares
et al. (2013) was as follows:
GsB2 ¼ 0:0029þ 0:038$20:5rhGPP=Cs (10)
The model ﬁtting was better in the modiﬁed model (Eq. (10))
than in the original Ball-Woodrow-Berry model (Eq. (9)) as AIC
Fig. 5. Seasonal change in canopy-level stomatal conductance in the daytime
(PPFD > 0) over a warm-temperate mixed deciduous and evergreen broadleaf forest, as
estimated by the PenmaneMonteith approach (Gs, open) and recalculated using the
modiﬁed Ball-Woodrow-Berry model (GsB2, closed symbols) at 1-h intervals. The data
were rejected in case of u* <0.25 m s1 or precipitation >0 mm within 24 h for the Gs
estimation by the PenmaneMonteith approach, while all data were included to
recalculate GsB2.
Fig. 6. Monthly-integrated AOT40 (6:00e18:00, upper panel) and daytime O3 dose
(PPFD > 0, lower panel) over a warm-temperate mixed deciduous and evergreen
broadleaf forest.
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the modiﬁed model (Eq. (10)) as a general model to account for the
photosynthesis-dependent stomatal response in the mixed forest.
According to Eq. (10), we recalculated the seasonal canopy-level
stomatal conductance for water vapor (GsB2) based on GPP and
routine weather data at 1-h intervals from March to December
2004, including cases of precipitation (Fig. 5). Compared with the
measured Gs, the estimated GsB2 declined during the defoliation
period (March toMay and October to December) and fell within the
range previously reported for various types of forest (Kelliher et al.,
1995), partly supporting the validity of this approach.
As surface wetness associated with dew reportedly enhances
the surface deposition of O3 (Grantz et al., 1995; Lamaud et al.,
2002; Zhang et al., 2003), this also means that the O3 dose
through stomata would be reduced in a dew-wetted canopy. Here,
we estimated the effect of leaf wetness on O3 dose through stomata
by comparing wet and dry canopies. Zhang et al. (2002, 2003)
parameterized the cuticle resistance (Rcut) for dry and wet can-
opies. With Rcut for dry canopies, Rcutd is parameterized as:
Rcutd ¼ Rcut0eð3rhÞSAI0:25u*1 (11)
and for wet canopies,
Rcutw ¼ Rcut0SAI0:5u*1 (12)
where Rcut0 denotes reference values for cuticle resistance. We ﬁrst
estimated RNS in the dry canopy according to Simpson et al. (2012)
(Eq. (2)). Secondly, given that 1/Rcutd corresponds to SAI/rext
(Simpson et al., 2012; Zhang et al., 2002, 2003), we calculated RNS in
the wet canopy (RNSw) as:
RNSw ¼ 1=

SAI=rext$Rcutd=Rcutw þ 1=

Rinc þ Rgs

(13)
assuming that Rinc and Rgs were not affected by rain and dew. As a
result, the daytime (PPFD > 0) mean of RNS from March to
December was lower in the wet canopy (179 s m1) than in the dry
canopy (506 sm1). Based on RNS for bothwet and dry canopies, the
total sum of O3 ﬂux through stomata in the wet canopy fromMarch
to December decreased by 9.4% compared with the dry canopy.
Since it was difﬁcult to accurately determine whether the canopywas dry or wet without leaf wetness sensors, O3 ﬂuxes through
stomata in the wet canopy were not taken into account in the
present study. It is noteworthy that deviation from the true value
would become much smaller in case of about 100 rainy days with
precipitation above 1 mm at the ﬂux-monitoring site (Fig. 1).
Fig. 6 shows the seasonal change in the monthly-integrated O3
dose in the warm mixed forest, as calculated from Eq. (7) with O3
data at a routine air pollutionmonitoring station. The O3 dose taken
up through stomata peaked in July when canopy-level stomatal
conductance was relatively high (Fig. 5). Conversely, the exposure
index (AOT40) peaked in April (Fig. 6) in concurrence with higher
daytime O3 in springtime (Fig. 1, Nagashima et al., 2010; Tanimoto,
2009; Yamaji et al., 2008). Such distortion between the O3-dose and
the AOT40 exposure index was also observed in a Mediterranean
evergreen forest (Quercus ilex L.) in summer due to stomatal
closure, even at high O3 concentrations (Gerosa et al., 2005). In the
warm-temperate mixed forest, the distortion appears due to the
phenological pattern of canopy development, where the highest O3
exposure in springtime did not necessarily result in the highest O3
uptake, due to lower stomatal conductance in the leaves of a de-
ciduous tree species (Q. serrata) that were not fully expanded or
which were physiologically premature (Kitao et al., 2009, 2012;
Niinemets et al., 1998, 2004).
4. Conclusion
In the present study, canopy-level O3 ﬂuxes over a warm-
temperate mixed forest were estimated using the Penmane
Monteith approach combined with a photosynthesis-dependent
stomatal model. This approach permits O3-ﬂux-based risk assess-
ment on canopy-level CO2 uptake at the ﬂux tower sites (e.g. FFPRI
FLUXNET, http://www2.ffpri.affrc.go.jp/labs/ﬂux/index.html) by
using eddy covariance data and routine meteorological observa-
tions including O3 concentration, and by taking stomatal responses
into account.
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